The requirement to optimise the balance between signal enhancement and reproducibility in surface enhanced Raman spectroscopy (SERS) is stimulating the development of novel substrates for enhancing Raman signals. This paper describes the application of finite element electromagnetic modelling to predict the Raman enhancement produced from a variety of SERS substrates with differently sized, spaced, and shaped morphologies with nanometre dimensions. For the first time, a theoretical comparison between four major generic types of SERS substrate (including metal nanoparticles, structured surfaces, and sharp tips) has been performed and the results are presented and discussed. The results of the modelling are consistent with published experimental data from similar substrates.
INTRODUCTION
Recent developments in techniques for the detection of single molecules have opened up new opportunities for research in analytical chemistry and the life sciences [1] [2] [3] . One technique that has a wide range of potential applications is surface enhanced Raman spectroscopy (SERS) [4] [5] [6] [7] . SERS is a noninvasive technique that can detect and characterise both simple organic [8, 9] , and complex biological molecules [10, 11] at ultralow, and even single molecular concentrations. The sensitivity of SERS is particularly important since there is a growing emphasis on trace-level detection in analytical research [12] .
The basis of the SERS technique is the capacity of metallic substrates to support the propagation of surface plasmons with resonant frequencies in the visible region of the electromagnetic spectrum [13] . These surface plasmons act to enhance the native Raman signal by producing an increased electric field in the vicinity of the target molecule [14, 15] . In addition to this "electromagnetic mechanism," Raman signals from target molecules are also enhanced by a more complex and less well-quantified "chemical" or "electronic" mechanism, although previous studies have shown that this is usually small in comparison to the electromagnetic effect [16] . Silver and gold are the most widely used materials for SERS substrates and are most commonly used in the form of spherical particles on the nanometre scale [17, 18] . In addition to these metal nanoparticles, other substrate types (Figure 1 ), such as nanostructured surfaces, and the tip-surface geometries offered by scanning probe microscopies, are being used increasingly for SERS experimentation [19] . However, little work has been published that compares the fundamental characteristics of these different substrate types for enhancing Raman signals. Moreover, if candidate SERS substrates could be assessed, and optimised by modelling their electromagnetic characteristics, time and effort could be saved in laboratory preparation and experimental testing.
Much effort has been expended in modelling the mechanisms of electromagnetic scattering accurately [20, 21] . It is a complex problem because the nature of the secondary waves generated by scattering are determined not only by the characteristics of the incident wave but also by the field generated by other scatterers nearby. Therefore, for most practical situations, such as those encountered in SERS, numerical methods are employed. As the field enhancement is strongly dependent on physical parameters, such as the surface morphology, the optical constants used to perform the modelling, and the excitation conditions, detailed computational consideration is required to achieve robust models. Validation of these numerical results is challenging as direct experimental measurement of the field enhancement is usually not possible. However, we have previously shown that Raman enhancements from metal nanoparticles obtained experimentally agree with predictions from modelling to within one order of magnitude [16] . This paper presents the results of the predicted Raman enhancement, obtained using electromagnetic modelling, from four major generic types of SERS substrate. These generic substrates are shown diagrammatically in Figure 1 .
The electric field enhancement between a pair of metal nanoparticles has received some study previously [16, 22] , but the other substrates modelled here have received less attention. In this work, similar sizes and separations of features for each of the substrate types have been modelled so that the results may be compared. The results enable the relative enhancement from these commonly used substrates to be compared in detail for the first time.
EXPERIMENTAL
We have modelled the field distribution from four generic SERS metallic nanostructures in two dimensions. They can be considered as sections through a three-dimensional artefact at the point of maximum enhancement. For the substrates modelled here this will occur at the point of closest approach of the nanostructured features. For the two nanoparticles, this is along the line of their centres, and for a tipsurface substrate, this is in the plane passing through the centre of the point of tip. The substrates modelled are illustrated in detail in Figures 2, 3, 4 , and 5. In all cases, silver substrates are considered and published optical constants for silver [23] that have been widely used for modelling studies have been employed. The polarisation of the incoming radiation (between 300 and 800 nm) was in the incident plane to ensure excitation of surface plasmons. In the case of the structured surfaces, and the surface in the tip-surface substrate, the modelled structures are large enough that the maximum predicted enhancement is not influenced by the size of these boundaries.
The incident electromagnetic field in the complex-field representation can be written as follows:
where E(r, t) and H(r, t) are the electric and magnetic field components, respectively, at location r and time t; E 0 and H 0 are the electric and magnetic field amplitudes, respectively, k is the wavevector, and ω is the angular frequency of the wave. In the absence of nonlinear optical effects and when only the elastic scattering process is considered, the electromagnetic fields surrounding the scatterers must be selfconsistent, leading to the following conditions: Figure 4 : Section through the structured surface with cuboid features. The quantities varied during the modelling process were: r, the half-width, and the depth, of the metal cuboids on the metal surface; d, the separation of the metal cuboids; λ, the wavelength of the incident monochromatic radiation, which was incident normal to the metal surface. The corners of the structure have been rounded slightly, with radii of curvature of 1 nm, to make the modelled situation more realistic. Figure 5 : Section through the tip-surface substrate. The quantities varied during the modelling process were: r, the radius of the metal tip at its sharpest point; d, the separation of the metal tip from the surface; λ, the wavelength of the incident monochromatic radiation, which was incident parallel to the metal surface.
where the subscripts "in" and "sc" denote the incident and scattered waves, respectively. The electromagnetic waves must satisfy Maxwell's equations within the modelling domain, and adhere to the boundary equations at the interface between the media and the scatterer, leading to the following conditions:
where the ε and μ are the complex-valued permittivity and permeability and r is on the boundary of the scatterer, and n is a unit vector orthogonal to the boundary. The field distribution must be a solution of these equations. Finite element methods (FEM) using Comsol Multiphysics software [24] have been employed to provide numerical solutions to these equations for each substrate. Previous studies have also used FEM to model the field enhancement and spectral response in the vicinity of rough surfaces [25] and nanoparticles [26] . The FEM methodology requires the creation of a "radiation boundary condition" or "absorption boundary condition" to truncate the modelling scenario into a confined domain. The "perfect matched layers" (PML) boundaries method [27] has been used for this simulation. This matches the optical index at the interface of the media and attenuates the wave quickly within the artificial layer so that little or no electromagnetic radiation will be reflected back into the domain of scattering. Additionally, a low-reflection boundary condition is applied at the outer PML boundary in order to minimise residual reflection. In this way, the possibility of artefacts occurring in the modelling output is minimised. The output of the modelling process is a two-dimensional map of the electric field intensity which can be used to calculate the Raman enhancement G (r,ω) using [28] :
where ω L and ω are the frequencies of the incident and scattered light, respectively; E loc and E free are the absolute values of the local vector potentials (normalised to the intensities of the incident and scatted light) in the presence and absence, respectively, of the substrate. When the polarisation of the scattered light is the same as that of the incident light, the expected electromagnetic enhancement of the Raman signal may be expressed to a first approximation (for example Otto [28] , Pendry [29] , Moskovits [13] , and Kneipp [30] ) as
where E (r,ω) is the total predicted electric field at position r, and E inc(ω) is the electric field associated with the incoming electromagnetic radiation. The maximum value of the Raman enhancement (G max (r,ω) ) can be calculated from any given situation. Three practical definitions of this maximum have been used in this work:
(a) the maximum value for G (r,ω) obtained over the entire simulation area; (b) the maximum value for G (r,ω) obtained in a 5 nm 2 area in the region of closest approach of the two metallic structures of interest; (c) the average value for G (r,ω) obtained in a 5 nm 2 area in the region of closest approach of the two metallic structures of interest. Figure 6 shows the maximum enhancement calculated according to these three definitions for two silver nanoparticles each with a radius of 25 nm and separated by 3 nm. As can be seen, the three definitions lead to values of the Raman enhancement that are comparable to better than an order of magnitude at wavelengths longer than 350 nm. At wavelengths shorter than 350 nm, the maximum Raman enhancement is often predicted to be displaced from the region of closest approach of the two metallic structures of interest, therefore definition (a) produces higher enhancement factors. In order to avoid misinterpreting cases where the maximum Raman enhancement does not occur in the region of closest approach of the two metallic structures of interest, definition (a) was chosen as the method for calculating G max (r,ω) from the substrates presented here. Validation of the modelling procedure was carried out against published data; in particular, Garcia-Vidal's implementation of Maxwell's equations on adaptive meshes for the study of the interaction of light with metals surfaces [29] and with Xu et al.'s study of colloid particle shape and size on the electromagnetic enhancement factor using classic electromagnetic theory [31] . In these cases, the methodology used here produced comparable enhancement factors to those predicted by Garcia-Vidal for structured metal surfaces for incident wavelengths of light between 310 and 620 nm.
(Although these results were based on silver hemicylinders placed on a silver surface, a two-dimensional section through such a substrate, orthogonal to the cylinder axis, should be comparable to a similar section through hemispheres on a surface). The modelling used here also produces results that are comparable to Xu et al.'s predictions of enhancement factors for spherical particle substrates with separations of 1 nm and 5 nm (similar to the nanoparticles arrays being modelled in this study) to within an order of magnitude. This level of agreement with published data from two quite different studies confirms the applicability and flexibility of the modelling methodology used here for predicting Raman enhancement factors. Taking this data into consideration, the uncertainty in the predicted Raman enhancement data, within and between modelling scenarios, is approximately one order of magnitude. The uncertainty of the ratios of predicted enhancement factors within the same modelling scenario may be less than this.
RESULTS AND DISCUSSION

Two nanoparticles
The results of the modelling of the two nanoparticle substrate (Figure 2 ) is shown in Figure 8 .
The principal trend in the modelled data is that predicted Raman enhancement increases as the separation of the features decreases. This relationship is strong-the difference in predicted maximum Raman enhancement from two nanoparticles 1 nm apart and 25 nm apart can be as much as six orders of magnitude. The maximum Raman enhancement predicted for these nanoparticles is of the same order of magnitude as the enhancement levels regularly observed experimentally by us and other groups [16, 32, 33 ]-approximately 10 9 . A comparison of the predicted results for different nanoparticle sizes in Figures 8(a), 8(b) , and 8(c) shows that the maximum predicted enhancements are relatively similar. These trends are summarised in Figure 9 . Figure 9 illustrates the decrease in predicted maximum enhancement with increasing feature separation, and also shows that this relationship is relatively insensitive to feature size. It also shows that the wavelength at which the Raman maxima are predicted becomes shorter as the feature separation increases. Figure 10 shows that the average predicted enhancement between 350 and 800 nm, G ave(350-800 nm) , generally increases with feature size for any given feature separation.
Structured surfaces
Two nanostructured surfaces have been modelled; one with hemispherical features and the other with cuboid features. These are similar to substrates that can be produced by templating techniques (for the structured surfaces with hemispherical features) or e-beam lithography techniques (for the structured surfaces with cuboid features). The results of modelling the wavelength dependence of the maximum Raman enhancement for these surfaces are shown in Figures 11  and 12 , respectively. Richard J. C. Brown et al. The results from the modelling of the surface with hemispherical features show several differences from the results for the two nanoparticles (Figure 8 ). In general, the enhancements observed are higher than those for the two nanoparticles at shorter wavelengths, but drop off more quickly as the wavelength increases and are generally lower than those observed for the two nanoparticles at longer wavelengths. The predicted enhancements from the structured surfaces with hemispherical features show a more complex dependence on wavelength than that observed for the two nanoparticles. The maximum enhancements predicted are less sensitive to feature separation than that for the two nanoparticles. Average enhancements from 350 to 800 nm drop off rapidly with increasing feature separation, but are generally an order of magnitude higher than for the two nanoparticles. The enhancements predicted correspond well with those observed in experimental studies for metal film over nanosphere (MFON) [34] and nanoembossed substrates [35] .
The enhancement characteristics of the structured surface with cuboid features show a complex dependence on separation and wavelength ( Figure 12 ). Most strikingly the predicted enhancements do not decrease monotonically with increasing wavelength, and with increasing feature separations. In many cases, the highest predicted enhancements are at longer wavelengths than for the other substrates, and for structures that do not have the smallest feature separations. The modelling predicts a slight decrease in the predicted enhancement with increasing feature separation, but very little change in average enhancement levels. Moreover, the enhancement levels predicted are not inconsistent with those observed from similar surfaces in experimental studies [36, 37] and from other modelling investigations [38] . These observations are illustrated by the relationship between the predicted enhancements and feature separation shown in Figure 13 .
Tip surface
The results of modelling the wavelength dependence of the maximum Raman enhancement for the different tip-surface separations ( Figure 5 ) are shown in Figure 14 .
The enhancements observed from the tip-surface substrate show similar levels and wavelength trends to those predicted for the two nanoparticles. However, as the incident wavelength increases, the predicted enhancement shows a more complex wavelength dependence. Rather than a monotonic decrease in predicted enhancement from short to long wavelengths, at longer wavelengths the maximum enhancement actually shows an increase (particularly for the larger tip-surface separations). As the size of the tip radius increases there is a small increase in predicted overall enhancement levels. The tip-surface substrate shows very similar average and maximum predicted enhancements across the wavelengths as seen with the two nanoparticles. The predicted enhancements for the tip-surface substrate agree well with experimental data in the literature [39] .
Comparison of the four generic substrate types
The four generic substrate types are compared in Figure 15 for features of r = 50 nm and separations of 1 nm. The trends observed for 75 nm feature sizes best illustrate the relationships between the four substrates, however the trends for feature sizes of 50 nm and 25 nm are similar.
As can been seen in Figure 15 (a), enhancements decrease as feature separations increase for all four substrates. In general, the structured surfaces produce larger enhancements across all feature separations, whilst the predicted enhancement from the tip surface and the two nanoparticles decreases sharply with increasing feature separation. The structured surfaces remain very efficient Raman enhancers, even at larger feature separations. Figure 15(b) shows that the average Raman enhancement decreases with increasing feature separation for all substrates except the structured surface with cuboid features. For this substrate, the average enhancement is relatively low but remains constant even up to feature separations of 25 nm. Figure 16 shows how the wavelength at which the maximum Raman enhancement is predicted varies with feature separation for the four substrates. In general, the wavelength of maximum predicted enhancement decreases as the feature separation increases, with all four substrates displaying a wavelength of maximum enhancement between 375 and 400 nm at a feature separation of 25 nm. However, the rate at which this decrease occurs increases in the following order: structured surface with hemispherical features < tip surface < two nanoparticles structured surface with cuboid features.
CONCLUSIONS
The relative SERS performance of four generic substrates types that are commonly used in SERS have been modelled and their predicted Raman enhancements compared. Whilst the substrates modelled here only represent simplified The study has shown that the predicted Raman enhancement is very sensitive to substrate feature separation over the range modelled (1 nm and 25 nm). In addition, average enhancements across the wavelength range modelled (300-800 nm) decrease with increasing feature separation, with the exception of the structured surface with cuboid features, which shows little change in average enhancement levels. Comparison of the four different generic substrate types has revealed that structured surfaces produce larger maximum enhancements than the two nanoparticle or tip-surface substrates. Moreover, the structured surfaces show the most complicated relationships between predicted enhancement and wavelength. The behaviour of two nanoparticle and tipsurface substrates is similar and they produce comparable enhancement levels.
The results presented here predict that a structured surface with hemispherical features produces the largest maximum enhancements at all feature separations and the largest average enhancements at small feature separation. However, the structured surfaces with cuboid features show the most consistent maximum and average enhancements over all feature separations, and the largest average enhancements at large feature separations. An especially important finding of this work is that the average predicted enhancement from a structured surface with cuboid features over the wavelengths modelled shows very little sensitivity to feature size or separation. This suggests that it may not be necessary to manufacture these as precisely as was previously thought, indicating that they could perhaps be prepared to poorer tolerances, with little impact on their efficacy as substrates.
Experimentally, fabrication of structured surface is more time consuming and expensive than the preparation of metal nanoparticles. Tip-surface substrates are even more difficult to implement, but may provide the only way of performing robust SERS mapping of a surface, because the enhancement of the Raman signal is localised at the tip position. Therefore, a balance must be found between performance, reproducibility, and cost effectiveness of these substrates. It is clear that design and modelling of these surfaces prior to manufacture can save a large amount of experimental effort in this optimisation process. This work has shown that using the techniques presented here, robust and accurate model of SERS substrates is possible that can contribute to improving the efficiency of the research and development process in SERS.
